The hypothalamus within the current prosomeric model {#s1}
====================================================

The hypothalamus is considered the forebrain territory par excellence dedicated to control homeostatic processes, and its neuroanatomical regionalization has been a much debated topic in recent years. The term "hypothalamus" was coined during the last century with the beginning of neuroanatomical studies (His, [@B47],[@B48]), following a columnar conception of the brain (Herrick, [@B45]; Kuhlenbeck, [@B56]). This was based on the idea that the forebrain is organized in longitudinal functional units homologous to the ones in the brainstem and it was considered that the ventricular sulci marked the straight longitudinal axis of the forebrain, ending somewhere in the telencephalon (Herrick, [@B46]; Kuhlenbeck, [@B56]). Following this concept and the analysis of classical "transverse" sections, the hypothalamus was defined as a diencephalic region beneath the thalamus (from the old Greek ÿpó: under). However, the hypothalamus is formed, as the rest of the forebrain, from the anterior neural plate through complex processes of morphogenesis. As a result, this brain region in the mature brain is highly distorted, mainly by the sharp flexure of the longitudinal brain axis and by differential degree of development of its components. These phenomena make it difficult to identify the basic units or subdivisions in the mature hypothalamus and understand the topological relationships between them. Moreover, the variable degree of elaboration and differentiation of structures in the hypothalamus of the different vertebrates obscures the interpretation of anatomical data and the comparison across species, and greatly complicates studies of forebrain evolution (Butler and Hodos, [@B19]; Bruce, [@B14]; Hodos, [@B49]; Nieuwenhuys et al., [@B84]).

Twenty years ago, the first proposal of the prosomeric model pointed out several evidences to discard the columnar paradigm of the forebrain organization, revealing the discrepancy between the traditional anatomical landmarks and the morphogenetic organization of the brain, what eventually led to refute the boundary role of the ventricular sulci (Puelles and Rubenstein, [@B97]; Rubenstein et al., [@B101]; Puelles, [@B91]). In this model, the forebrain is organized into transverse segments (prosomeres) and longitudinal zones defined by differential expression patterns of several developmental regulatory genes that establish the internal boundaries. According to the original prosomeric model and its subsequent revisions (Puelles and Rubenstein, [@B97], [@B98]; Puelles, [@B91], [@B92]; Puelles et al., [@B95]) the hypothalamus is excluded from the diencephalon, which is composed of three neuromeres (prosomeres P1--P3). The rostralmost forebrain is designated the secondary prosencephalon that contains the hypothalamus (rostral to the diencephalic P3), the telencephalon impar, and the telencephalic hemispheres (Puelles and Rubenstein, [@B98]). The interpretation of the parts of the secondary prosencephalon is fraught with difficulties, mainly derived from the early optic and hemispheric evaginations and the different degree of development shown across vertebrates that disturb the primary pattern of this region (Nieuwenhuys et al., [@B84]). However, morphological, molecular, and hodological results have progressively contributed to highlight the organization of the main parts of the secondary prosencephalon and its subdivisions, particularly in mice, where different organization models have been proposed (Figdor and Stern, [@B34]; Puelles and Rubenstein, [@B98]; Shimogori et al., [@B106]; Diez-Roux et al., [@B26]; Morales-Delgado et al., [@B74], [@B73]; Puelles et al., [@B95]). Recently, in our group we applied similar developmental gene expression criteria to the identification of hypothalamic components in amphibians and reptiles (Moreno et al., [@B76]; Domínguez et al., [@B31], [@B29]). We selected representative species of these vertebrate classes for their importance in evo-devo studies with a phylogenetic perspective. Amphibians constitute the only group of tetrapod anamniotes and represent a key model in anamniote/amniote transition, as they share features with other tetrapods (amniotes) and also with other anamniotes. In turn, reptiles occupy a crucial position, especially turtles, which were reported to be the most closely related to the extinct therapsids from which mammals arose (Northcutt, [@B85]), although, alternatively, they have been considered the sister group to crocodiles and birds (Zardoya and Meyer, [@B122],[@B123]). Therefore, the study of these vertebrate groups appears particularly relevant since the colonization of land by tetrapod ancestors is presumably one of the evolutionary events that could involve more neural changes.

Within the current anatomical context, we now define the hypothalamic boundaries with its neighboring forebrain areas on the basis of distinct molecular profiles during development. Thus, gene expression data have highlighted that the preoptic area does not belong to the hypothalamus but it is part of the subpallial telencephalic territory (Flames et al., [@B35]; Medina, [@B67]; Garcia-Lopez et al., [@B37]; Sánchez-Arrones et al., [@B103]; Zhao et al., [@B124]; Roth et al., [@B100]) and is topologically adjacent to the dorsal hypothalamic territory. The caudal hypothalamo-diencephalic boundary is highlighted by the distinct Six3, Lhx9, Arx and Dlx expression in the prethalamic territory (P3), as well as the Otx2 expression in the diencephalon, but not in the hypothalamus (Puelles et al., [@B95],[@B96]).

The longitudinal domains of the alar and basal plates, which extend along the neuraxis, also extend to the hypothalamus and the alar--basal boundary is considered to end rostrally just behind the optic chiasm in all vertebrates (Puelles, [@B91]). The expression of the gene Nkx2.2 along the alar--basal boundary in the caudal prosencephalon continues rostrally in the hypothalamus, which allows distinguishing between alar and basal territories (Shimamura et al., [@B105]). The recently updated prosomeric model in mammals (see Figure [1](#F1){ref-type="fig"}) holds that the hypothalamus is subdivided dorsoventrally into alar, basal, and floor longitudinal domains and separates rostrocaudally, by the intrahypothalamic boundary (IHB), into two transverse regions called terminal hypothalamus (THy; rostral; hp2: hypothalamic prosomeric domain 2) and peduncular hypothalamus (PHy; caudal, hp1:hypothalamic prosomeric domain 1). The main forebrain bundles course dorsoventrally along PHy, which is also characterized by the generation of highly characteristic structures such as the main paraventricular nucleus, the retromammillary area and the migrated subthalamic nucleus (Puelles et al., [@B95]). The THy contains the main tuberal and mammillary regions, as well as the supraoptic, suprachiasmatic, and retrochiasmatic areas. The THy includes a rostromedian subdomain recently named acroterminal area, with specializations such as the lamina terminalis (and related vascular organ), suprachiasmatic, and chiasmatic alar areas, and the anterobasal, arcuate, median eminence, and infundibular/neurohypophysial basal areas (Puelles et al., [@B95]). During development, Six6 and Foxb1 gene expression apparently delineates the entire acroterminal territory. Although the structures included in the acroterminal part are obviously present in reptiles and amphibians (see ten Donkelaar, [@B113],[@B114]), developmental studies did not reveal specific markers for the origin of this hypothalamic part (Moreno et al., [@B76]; Domínguez et al., [@B31], [@B29]).

![**Schematic representation of the mammalian hypothalamic organization according to the prosomeric model**. Note that the coordinate system for the hypothalamus rotates 90° because the longitudinal axis of the brain bends in the diencephalon. For abbreviations, see list. (Modified from Puelles et al., [@B95] and Morales-Delgado et al., [@B73]).](fnana-09-00003-g0001){#F1}

In the alar hypothalamus, the dorsal domain is adjacent to the telencephalic preoptic area and expresses the transcrition factors Tbr1, Sim1 and Otp (Medina, [@B67]; Puelles et al., [@B95]; Morales-Delgado et al., [@B73]). This subdomain is subdivided into terminal (and acroterminal) and peduncular areas, and among others, produces the paraventricular, supraoptic and periventricular nuclei. The second alar subdomain is located ventrally and is mainly characterized by the expression of Dlx genes. It is also subvivided into terminal (and acroterminal), and peduncular areas, which give rise to the suprachiasmatic nucleus, the anterior hypothalamic nucleus and the subparaventricular zone (Puelles et al., [@B95]). The basal hypothalamus classically includes the tuberal (Tub) and mammillary regions (M), both mainly characterized by the expression of the morphogen Shh and the transcription factor Nkx2.1, with minor exceptions (Puelles et al., [@B95]). The tuberal region (Tub) is divided into a proper tuberal area (terminal and acroterminal) and a retrotuberal area (peduncular), which produce the anterobasal and posterobasal nuclei in the dorsal portion, the ventromedial, dorsomedial and the arcuate nuclei in the intermediate portion and ventral portions. In the mammillary region, in addition to the proper mammillary and retromamillary regions (in the terminal and peduncular segmentes, respectively) a topologically dorsal band has been defined (called with the prefix peri-) that also included terminal and peduncular portions (see Figure [1](#F1){ref-type="fig"}).

Hypothalamic organization in the anamnio-amniotic transition: evolutionary traits on hypothalamic regionalization {#s2}
=================================================================================================================

The achievement of new tools in developmental neuroanatomy for the analysis of the genoarchitecture of particular brain regions has led to the precise interpretation of the hypothalamic regionalization, and the definition of different hypothalamic progenitor domains, which were traditionally linked to anatomical landmarks that not always coincided with the molecular boundaries. Thus, the analysis of the patterns of distribution of main regulatory transcription factors and proteins involved in neural patterning, and that are also expressed after development, have allowed to determine the extent of the different hypothalamic histogenetic divisions. In addition, the molecular boundaries with the adjacent non-hypothalamic territories could be assessed. Comparative studies using the same sets of markers in different vertebrates, particularly amphibians and reptiles, have highlighted that the main molecular features of the subdivisions topologically identified in the hypothalamus have been highly conserved (Medina, [@B67]; Domínguez et al., [@B27], [@B28], [@B31], [@B29]; Moreno and González, [@B78]; Morales-Delgado et al., [@B74], [@B73]; Moreno et al., [@B76]). In the following sections the molecular characteristics of each of the main hypothalamic regions, as well as the boundaries with the neighboring areas are detailed for *Xenopus* and *Pseudemys* and will be compared with the situation found in other vertebrates (see Table [1](#T1){ref-type="table"}).

###### 

**Comparison of the different gene expression patterns detected in the different group of vertebrates**.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
             Lamprey                                              Zebrafish                                                                                                 Lungfish                                   Xenopus                                                                           Turtle                                                           Chick                                                                          Mouse                                                                                                                      
  ---------- ---------------------------------------------------- --------------------------------------------------------------------------------------------------------- ------------------------------------------ --------------------------------------------------------------------------------- ---------------------------------------------------------------- ------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------- --
  **POH**    ------                                               ------                                                                                                    ------                                     ------                                                                            Nkx2.2 (Moreno et al., [@B76])                                   DIx5/Nkx2.2 (Bardet et al., [@B7], [@B8])                                      DIx2/Nkx2.2 (Flames et al., [@B35])                                                                                        

  **SPV**    -Pax6 (Murakami et al., [@B82])                                                                                                                                -Pax6 (Moreno and González, [@B78])        -Pax6 (Moreno et al., [@B80]; Domínguez et al., [@B31])                           Pax6 (Moreno et al., [@B76])                                                                                                                    Pax6 (Flames et al., [@B35])                                                                                               

                                                                                                                                                                                                                       Nkx2.2 (Domínguez et al., [@B28], [@B31])                                         Nkx2.2 (Moreno et al., [@B76])                                                                                                                  Nkx2.2 (Caqueret et al., [@B20]; Puelles et al., [@B95])                                                                   

                                                                  Otp (Del Giacco et al., [@B25]; Blechman et al., [@B10]; Machluf et al., [@B61]; Herget et al., [@B44])   Otp (Moreno and González, [@B78])          Otp (Bardet et al., [@B9]; Domínguez et al., [@B31])                              Otp (Moreno et al., [@B76])                                      Otp (Bardet et al., [@B9])                                                     Otp (Puelles and Rubenstein, [@B98])                                                                                       

                                                                                                                                                                                                                       Lhx5 (Domínguez et al., [@B31])                                                                                                                    Lhx5 (Abellán et al., [@B2])                                                   Lhx5 (Abellán et al., [@B2])                                                                                               

  **SC**                                                          Nkx2.1/Shh (Rohr et al., [@B99])                                                                          Nkx2.1 (Moreno and González, [@B78])       Nkx2.1/2.2/Shh (Domínguez et al., [@B27], [@B28], [@B31])                         Nkx2.1/2.2 (Moreno et al., [@B76])                               Nkx2.1/2.2/Shh (Bardet et al., [@B8])                                          -Nkx2.1/Shh (Puelles and Rubenstein, [@B98]; Medina, [@B67])                                                               

             DIx (Martínez-de-la-Torre et al., [@B66])            DIx (Medina, [@B67])                                                                                      IsI1 (Moreno and González, [@B78])         Dlx/Isl1 (Brox et al., [@B13]; Moreno et al., [@B77]; Domínguez et al., [@B31])   Isl1 (Moreno et al., [@B76])                                     Dlx/Isl1 (Abellán and Medina, [@B1]; Bardet et al., [@B8])                     DIx (Puelles and Rubenstein, [@B98])                                                                                       

                                                                                                                                                                                                                       Lhx1/Lhx7 (Moreno et al., [@B75]; Domínguez et al., [@B31])                                                                                        Lhx7 (Abellán and Medina, [@B1])                                               Lhx1/Lhx7 (Abellán et al., [@B2]; Shimogori et al., [@B106])                                                               

                                                                                                                                                                            Otp (Moreno and González, [@B78])          Otp (Domínguez et al., [@B29])                                                    Otp (Moreno et al., [@B76])                                      Otp (Bardet et al., [@B9])                                                     Otp (Morales-Delgado et al., [@B74])                                                                                       

  **Tub**\   Nkx2.1/Shh (Osorio et al., [@B87]; Medina, [@B67])   Nkx2.1/Shh (Wolf and Ryu, [@B120])                                                                        Nkx2.1/2.2 (Moreno and González, [@B78])   Nkx2.1/2.2/Shh (Domínguez et al., [@B27], [@B28], [@B29])                         Nkx2.1 (Moreno et al., [@B76]) -Nkx2.2 (Moreno et al., [@B76])   Nkx2.1/Shh (Medina, [@B67]; Abellán and Medina, [@B1]; Bardet et al., [@B8])   Nkx2.1/2.2/Shh (Puelles and Rubenstein, [@B98]; Kurrasch et al., [@B57]; Medina, [@B67]; Morales-Delgado et al., [@B74])   
  **\|**\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  **\|**\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  **\|**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  **BH**\    DIx (Martínez-de-la-Torre et al., [@B66])                                                                                                                      Isl1 (Moreno and González, [@B78])         Dlx/Isl1 (Brox et al., [@B13]; Moreno et al., [@B77]; Domínguez et al., [@B29])   Isl1 (Moreno et al., [@B76])                                                                                                                    Dlx/Isl1 (Puelles and Rubenstein, [@B98]; Davis et al., [@B23]; Medina, [@B67])                                            
  **\|**\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  **\|**\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  **\|**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  **Ma**                                                                                                                                                                                                                                                                                                 Lhx (Domínguez et al., [@B29])                                                                                                                                                                                                                                             

             Nkx2.1 (Medina, [@B67])                              Nkx2.1 (Wolf and Ryu, [@B120])                                                                            Nkx2.1 (Moreno and González, [@B78])       Nkx2.1/2.2 (Domínguez et al., [@B29])                                             Nkx2.1/2.2 (Moreno et al., [@B76])                               Nkx2.1 (García-Calero et al., [@B36])                                          Nkx2.1 (Medina, [@B67]; Morales-Delgado et al., [@B74])                                                                    

                                                                  Otp (Wolf and Ryu, [@B120])                                                                               Otp (Moreno and González, [@B78])          Otp (Bardet et al., [@B9]; Domínguez et al., [@B29])                              Otp (Moreno et al., [@B76])                                      Otp (Bardet et al., [@B9])                                                     Otp (Bardet et al., [@B9])                                                                                                 

                                                                                                                                                                                                                       Shh (Domínguez et al., [@B29])                                                                                                                     Shh (García-Calero et al., [@B36])                                             Shh (Morales-Delgado et al., [@B74])                                                                                       

             -DIx (Martínez-de-la-Torre et al., [@B66])                                                                                                                                                                DIx (Domínguez et al., [@B29])                                                                                                                                                                                                    -DIx (Puelles and Rubenstein, [@B98]; Medina, [@B67])                                                                      

             Lhx1/5 (Osorio et al., [@B87])                                                                                                                                                                            Lhx1 (Domínguez et al., [@B29])                                                                                                                                                                                                   Lhx1 (Shimogori et al., [@B106])                                                                                           
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*Note that we only have indicated negative expressions to remark a difference between groups of vertebrates that is not due to the lack of data in the literature (empty squares)*.

Preoptohypothalamic boundary (POH) {#s2-1}
----------------------------------

The preoptic region (PO) was traditionally included within the hypothalamus until genoarchitectonic studies revealed that this region is derived from the FoxG1-positive telencephalic neuroephitelium (Tao and Lai, [@B112]; Murphy et al., [@B83]; Bourguignon et al., [@B11]; Zhao et al., [@B124]; Roth et al., [@B100]), revealing its subpallial nature (Flames et al., [@B35]; Medina, [@B67]; Garcia-Lopez et al., [@B37]; Moreno and González, [@B78]). In *Xenopus*, the PO is a Dll4, Isl1, Shh and Nkx2.1 positive territory that limits ventrally with the Otp expressing supraoptoparaventricular region (SPV, the dorsal part of the alar hypothalamus; Domínguez et al., [@B31]). This gene expression profile of the subpallial PO seems to be largely shared by reptiles (*Pseudemys*: Moreno et al., [@B79]) and the rest of amniotes (Puelles et al., [@B93]). However, some differences can be noted regarding its ventral boundary with the hypothalamus. In *Xenopus*, the Nkx2.1/Shh positive PO is in contact with the Otp/Nkx2.2 positive SPV (Figures [2A--D](#F2){ref-type="fig"}; Domínguez et al., [@B31]). In contrast, a narrow Nkx2.2 positive territory has been observed in the turtle (and not in *Xenopus*) between the Isl1/Nkx2.1 positive PO and the SPV-Otp expressing region (Figures [2E--H](#F2){ref-type="fig"}; Moreno et al., [@B76]). In this context, recent studies have described a Dlx/Nkx2.2 expressing band in mammals and birds that represents the boundary between the PO and the hypothalamus (Bardet et al., [@B7], [@B8]; Flames et al., [@B35]), like in the turtle but in contrast to the situation found in amphibians and fishes (Domínguez et al., [@B28], [@B31]; Moreno et al., [@B76]). Thus, the presence of this Nkx2.2 positive territory (preopto-hypothalamic boundary) supposes a relevant acquisition during the anamnio-amniotic transition.

![**Comparative aspects of the preoptic-hypothalamic (POH) boundary between amphibians and reptiles**. Photomicrographs of transverse sections through the developing preoptic-hypothalamic territory of *Xenopus* **(A--C)** and *Pseudemys* **(E--G)** illustrating its molecular profile based on the combinatorial expression of different transcription factors and neuropeptides indicated in each photomicrograph. The developmental stage in the cases of *Xenopus* is also marked. **(D)** and **(H)** are summarizing schemes of lateral views of the brains in which the main molecular features of the POH are illustrated according to the color code indicated. In both schemes, a transverse section through the level indicated on the lateral view of the brain is illustrated. Note that the coordinate system for the hypothalamus rotates 90° because the longitudinal axis of the brain bends in the diencephalon, and this is also the case for all photomicrographs of sagittal sections in all figures. For abbreviations, see list. Scale bars = 50 μm **(A,B)**, 100 μm **(C,F,G)**, 200 μm **(E)**.](fnana-09-00003-g0002){#F2}

Supraoptoparaventricular region (SPV) {#s2-2}
-------------------------------------

The SPV is the most dorsal region in the alar hypothalamus and it is defined by the expression of Otp/Sim1 and the lack of Dlx/Shh/Nkx2.1 expression in all vertebrates analyzed (reviewed in Markakis, [@B64]; Medina, [@B67]; Moreno and González, [@B78]; Puelles et al., [@B95]), from anamniotes (Brox et al., [@B13]; Del Giacco et al., [@B25]; Blechman et al., [@B10]; Bardet et al., [@B9]; Domínguez et al., [@B27], [@B31]; Machluf et al., [@B61]; Martínez-de-la-Torre et al., [@B66]; Herget et al., [@B44]) to amniotes (Acampora et al., [@B3]; Flames et al., [@B35]; Bardet et al., [@B9]; Morales-Delgado et al., [@B74], [@B73]).

Both in the amphibian *Xenopus laevis* and in the turtle *Pseudemys scripta* the extent of the SPV is particularly well defined by the expression of the transcription factor Otp, and its dorsal limit with the PO is defined by the lack of Isl1 expression (Figures [3A,G,I,N](#F3){ref-type="fig"}; Bardet et al., [@B9]; Moreno et al., [@B76]; Domínguez et al., [@B31]). The boundaries of the Otp positive SPV with the adjacent prethalamic and SC territories are also discernible by the lack of Isl1 in the SPV (Figures [3G,H,H',N,O,O'](#F3){ref-type="fig"}; Moreno et al., [@B76]; Domínguez et al., [@B31]). The caudal boundary with the Tbr1-expressing prethalamic eminence (EPTh in P3) is also extremely conserved in the anamnio-amniotic transition (Figures [3G,N](#F3){ref-type="fig"}; Moreno et al., [@B76]; Domínguez et al., [@B31]). Thus, the lack of Dlx, Shh, Isl1, and Nkx2.1 in the SPV of all the vertebrates analyzed is a constant feature in tetrapods that allows the distinction of the SPV territory from the adjacent diencephalic prethalamus (PTh) and SC area (Flames et al., [@B35]; Medina, [@B67]; van den Akker et al., [@B118]; Domínguez et al., [@B27], [@B31]; Moreno and González, [@B78]; Moreno et al., [@B76]; Puelles et al., [@B95]; Morales-Delgado et al., [@B73]).

![**Comparative aspects of the supraoptoparaventricular (SPV) region between amphibians and reptiles**. Photomicrographs of transverse **(A,B,E,F,H',I--M,O')** and sagittal **(C,D,H,O)** sections through the developing SPV territory of *Xenopus* **(A--H')** and *Pseudemys* **(I--O')** illustrating its molecular profile based on the combinatorial expression of different transcription factors and neuropeptides indicated in each figure. The developmental stage in the cases of *Xenopus* is also marked. **(G)** and **(N)** are summarizing schemes of lateral views of the brains in which the main molecular features of the SPV are illustrated according to the color code indicated. In both schemes, a transverse section through the level indicated on the lateral view of the brain is illustrated. Scale bars = 50 μm **(A--F)**, 100 μm **(H')**, 200 μm **(H,L,O,O')**, 500 μm **(I--K,M)**.](fnana-09-00003-g0003){#F3}

Interestingly, in some groups of fishes such as teleosts and lungfishes (the closest living relatives of tetrapods) the expression of Otp in the SPV territory has been reported (Del Giacco et al., [@B25]; Blechman et al., [@B10]; Machluf et al., [@B61]; Moreno and González, [@B78]). Moreover, a very recent study of the molecular and neurochemical features of this hypothalamic region in zebrafish identified a territory homologous to the mammalian paraventricular nucleus called neurosecretory preoptic-hypothalamic area (NPO), which is characterized by the expression of Otp and the lack of Isl1, Dlx5 and Arx, which define its anatomical boundaries (Herget et al., [@B44]).

Furthermore, both in *Xenopus* and *Pseudemys* the expression of the transcription factor Nkx2.2, allowed the rostro-caudal subdivision of the SPV into two different progenitor domains (Domínguez et al., [@B28], [@B31]; Moreno et al., [@B76]). The rostral domain (SPVr) is characterized by the ventricular and subventricular expression of Otp and Nkx2.2, whereas the caudal domain (SPVc) only expresses Otp (Figures [3B,C,G,L,N](#F3){ref-type="fig"}; Moreno et al., [@B76]; Domínguez et al., [@B31]). In the case of *Xenopus*, Lhx5 has also been distinctly observed in the rostral domain of the SPV (Figure [3D](#F3){ref-type="fig"}; Domínguez et al., [@B31]), in agreement with descriptions of the SPV of mouse and chick (Bulfone et al., [@B16]; Abellán et al., [@B2]). Actually, attending to its internal molecular organization, this region in mammals and birds was divided rostrocaudally into terminal and peduncular portions (Bardet et al., [@B9]; Puelles et al., [@B95]). In addition, regarding to the localization of the Nkx2.2, positive cells, they were reported partially overlapping the Sim1 expression domain in the anterior hypothalamus of the mouse, where the Nkx2.2 cell population seems to occupy a rostral position (see Figures 5K, 7D,E in Caqueret et al., [@B20]). And a population of Nkx2.2, expressing cells located in the ventral part of the paraventricular area in mouse has been described (Puelles et al., [@B95]). In mammals, it was described that Nkx2.2 cells from the dorsal portion of the peduncular tuberal hypothalamus migrated very early colonizing this paraventricular nucleus, overlapping the Otp expressing cells (Puelles et al., [@B95]).

The SPV of mammals and birds is also characterized by the expression of Pax6 and Tbr1 (Michaud et al., [@B72], [@B71]; Puelles and Rubenstein, [@B98]; Flames et al., [@B35]; Medina, [@B67]). In the turtle, Pax6 expression was demonstrated in the ventricular zone of the SPV region (Figures [3J,K,N](#F3){ref-type="fig"}; Moreno et al., [@B76]), whereas it was not observed in *Xenopus* (Moreno et al., [@B80], [@B76]; Domínguez et al., [@B31]).The lack of Pax6 expression in the SPV has also been reported in other anamniotes (Murakami et al., [@B82]; Moreno and González, [@B78]). This situation might reflect differences in the specification of this area between amniotes and anamniotes. Therefore, the expression of Pax6 seems to have appeared for the first time in amniotes, and it could be related to the specific size and functionality of this area, being Pax6 involved in the dorsoventral brain organization, as it has been demonstrated in the mammalian forebrain (Toresson et al., [@B116]).

Of interest, some studies have recently described in amniotes a contingent of Otp positive cells generated in the SPV that migrate into the medial amygdala (Bardet et al., [@B9]; Abellán et al., [@B2]; García-Moreno et al., [@B39]; Bupesh et al., [@B18],[@B17]; Medina et al., [@B68]). This most likely represents a conserved feature that arose early in phylogeny since in lungfishes, anurans, and reptiles Otp expressing cells have been consistently observed in the region identified as the medial amygdala (González and Northcutt, [@B40]; Moreno et al., [@B79]; Domínguez et al., [@B31]), and a similar migratory pathway from the SPV was suggested (Moreno and González, [@B78]).

Regarding its neurochemical profile, the SPV of amphibians and reptiles contains different groups of cells secreting several neuropeptides such as vasotocine, mesotocine CRH, and TRH (Smeets et al., [@B109]; Propper et al., [@B90]; D'Aniello et al., [@B22]; Domínguez et al., [@B30]; López et al., [@B60]) that constitute part of the neuroendocrine hypothalamic system, which seems to be very conserved during the anamnio-amniotic transition. The TRH positive population in *Xenopus* and turtle, is specifically located within the Otp expressing territory (Domínguez et al., [@B30]; López et al., [@B60]), suggesting that this transcription factor might be involved in the specification of the TRH phenotype during the anamnio-amniotic transition, as describing in other amniotes (Goshu et al., [@B43]; Del Giacco et al., [@B24]; Morales-Delgado et al., [@B73]). Moreover, in *Xenopus* a correlation between the emergence of somatostatin and mesotocine positive neurons and the presence of Otp was observed in the SPV (Figures [3E,F](#F3){ref-type="fig"}; Domínguez et al., [@B31]), highlighting the role of this transcription factor in the specification of these postmitotic cell populations and, consequently, in the differentiation of independent nuclei within this territory. In mice it was shown that Otp is involved in the specification of the somatostatin expressing cell populations (Morales-Delgado et al., [@B74]) and, therefore, the specification of the somatostatin phenotype in the SPV seems to be conserved during the vertebrtae evolution. Of note, in fishes Otp might also be involved in the specification of multiple neurosecretory hypothalamic cell populations such as those containing somatostatin, vasoticin-neurophysin and isotocin-neurophysin (the latter two are homologous of mammalian vasopressin and oxytocin, respectively), as suggested by the overlapping of these neurosecretory populations in the Otp expressing domain (Blechman et al., [@B10]; Eaton and Glasgow, [@B32]; Tessmar-Raible et al., [@B115]; Eaton et al., [@B33]; Herget et al., [@B44]). Finally, a population of dopaminergic cells was described in the paraventricular nucleus of the SPV in reptiles (Figure [3M](#F3){ref-type="fig"}; Smeets et al., [@B108]), whereas catecholaminergic cells (TH positive) were not found in the SPV of *Xenopus* (Domínguez et al., [@B31]).

Suprachiasmatic region (SC) {#s2-3}
---------------------------

The SC constitutes the ventral part of the alar hypothalamus and contains important neuroendocrine cell groups. This region is characterized by the expression of Dlx/Arx genes in all vertebrates analyzed (Bachy et al., [@B5]; Brox et al., [@B13]; Puelles and Rubenstein, [@B98]; Flames et al., [@B35]; Bardet et al., [@B9], [@B8]; Medina, [@B67]; Domínguez et al., [@B28], [@B31]; Martínez-de-la-Torre et al., [@B66]). The SC abuts ventrally the basal hypothalamus, characterized by the expression of Shh/Nkx2.1 genes, defining the alar--basal boundary, according to the prosomeric model (Puelles et al., [@B95]). Both in amphibians and reptiles, this ventral boundary is highlighted by the Otp expression in the most rostral part of the Tub (Figures [4G,H,L,M](#F4){ref-type="fig"}; Moreno et al., [@B76]; Domínguez et al., [@B31]). Caudally, in *Xenopus*, the SC region is adjacent to the Dll4 positive PTh in the diencephalon, whereas in the juvenile turtle the SPV Otp-expressing cells extends reaching the alar--basal boundary (Figures [4G,L](#F4){ref-type="fig"}; Moreno et al., [@B76]; Domínguez et al., [@B31]).

![**Comparative aspects of the suprachiasmatic (SC) territory between amphibians and reptiles**. Photomicrographs of transverse **(C,F,I--K)** and sagittal **(A,B,D,E,H,M)** sections through the developing SC territory of *Xenopus* **(A--H)** and *Pseudemys* **(I--M)** illustrating its molecular profile based on the combinatorial expression of different transcription factors and neuropeptides indicated in each figure. The developmental stage in the cases of *Xenopus* is also marked. **(G)** and **(L)** are summarizing schemes of lateral views of the brains in which the main molecular features of the SC region are illustrated according to the color code indicated. In both schemes, a transverse section through the level indicated on the lateral view of the brain is illustrated. Scale bars = 25 μm **(D,H)**, 50 μm **(B,C,E,F)**, 100 μm **(A,K)**, 200 μm **(I,J,M)**.](fnana-09-00003-g0004){#F4}

This region in mammals, identified as subparaventrcular area (Puelles et al., [@B95]), is defined as a Dlx+/Nkx2.1-territory (Puelles and Rubenstein, [@B98]; Medina, [@B67]; Puelles et al., [@B95]). Furthermore, a recent study in mice has defined a territory called intrahypothalamic diagonal band, based primarily on the differential expression of Lhx1, Lhx6, Lhx7 and Lhx8, constituting the territory from which the suprachiasmatic populations of interneurons would arise (Shimogori et al., [@B106]). The domain recently defined in mammals as the liminal subparaventricular subdomain distinctively contains alar mantle cells expressing Nkx2.1, not present at the supraliminal subdomain (Shimogori et al., [@B106]; Puelles et al., [@B95]). It could be comparable to those results showed in our models, but in our case the Nkx2.1 expression is also detected in the ventricular cells.

The acroterminal domain in front of the terminal region was proposed to be the source of the proper suprachiacmaitc nucleus (Puelles et al., [@B95]). Both in *Xenopus* and *Pseudemys*, no distinct labeling paterns could help in the deliniation of the acroterminal part of the alar hypothalamus but the specialized derivatives of this region have been classically described, such as the optic chiasm, postchiasmatic commissures and suprachiasmatic nuclei (for review, see ten Donkelaar, [@B113],[@B114]). Therefore, it is likely that the origin in the terminal region would be conserved, but further studies are needed in order to identify genoarchitectonically this territory.

In birds, Nkx2.1 is also expressed in the subparaventricular nucleus, that belongs to the suprachiasmatic domain, which also expresses Nkx2.2, Lhx6/7 and Lhx8 (Abellán and Medina, [@B1]; Bardet et al., [@B8]). This region of *Xenopus* and turtle is Isl1-positive (Figures [4A,G,I,L](#F4){ref-type="fig"}; Moreno et al., [@B77], [@B76]; Domínguez et al., [@B31]) and, in the case of *Xenopus* in which the expression of several Dlx genes has been analyzed, the Isl1 and Dlx expression domains overlap in almost all prosencephalic regions including the entire SC territory (Brox et al., [@B13]; Domínguez et al., [@B27], [@B31]). The transcription factors Nkx2.1 and Nkx2.2, are also expressed in the SC (Figures [4B,G,J,L](#F4){ref-type="fig"}; Domínguez et al., [@B27], [@B28]) and the combination of both markers allowed the identification of rostro-caudal subdivisions in *Xenopus* and *Pseudemys*. Thus, only in the rostral part (SCr) Nkx2.1 and Nkx2.2 are found in the ventricular zone, in contrast to the caudal portion (SCc) that is devoid of expression (Figures [4B,J](#F4){ref-type="fig"}; Moreno et al., [@B76]; Domínguez et al., [@B31]). Of note, in *Xenopus*, the expression pattern of the morphogen Shh in SC runs parallel to the Nkx2.1 expressing domain (Figures [4C,G](#F4){ref-type="fig"}), suggesting a regulatory role of Shh through Nkx2.1 actions also in amphibians (Domínguez et al., [@B31]). Also in *Xenopus*, the expression of Lhx1 and Lhx7 is restricted to the rostral SC domain (Figures [4D,E,G](#F4){ref-type="fig"}; Moreno et al., [@B75]; Domínguez et al., [@B31]), which would be comparable to the subparaventricular nucleus described in chicken (Abellán and Medina, [@B1]; Bardet et al., [@B8]). In the case of fishes, expression of Dlx and Lhx7 has been detected in comparable regions to the SC territory in *Medaka* (Alunni et al., [@B4]). In addition, expression of Dlx genes in the SC primordium has been observed in the lamprey (Martínez-de-la-Torre et al., [@B66]), and Isl1 and Nkx2.1 expressions have been detected in the SC region of lungfishes (Moreno and González, [@B78]). However, the region expressing Shh/Nkx2.1 in fishes extends to the entire SC territory and subdivisions were not observed (Rohr et al., [@B99]).

Regarding the Nkx2.1 expression in the alar hypothalamus, it appears that is gradually restricted especially in the SC, from amphibians through amniotes (Figure [](#F5){ref-type="fig"}[](#F6){ref-type="fig"}[7](#F7){ref-type="fig"}). In mammals, the Lhx6 + intrahypothalamic diagonal band, proposed by Shimogori et al. ([@B106]) corresponds to the Nkx2.1 expressing band of Puelles in the subparaventricular region of the alar domain (see Figure 8.9D in Puelles et al., [@B95]). Also in mammals, like in Xenopus and turtle, this small band matches the Nkx2.2 expression (see Figure 8.9F in Puelles et al., [@B95]). It could be related to the liminal subparaventricular area proposed by Puelles et al. ([@B95]). Thus, Nkx2.1 and Shh are expressed in almost the SC territory in non-tetrapod anamniotes like the zebrafish (Rohr et al., [@B99]), whereas in non-mammalian tetrapods like the anamniote *Xenopus* and the amniote reptiles and birds the Nkx2.1 expression is restricted to just a SC subdomain (Medina, [@B67]; van den Akker et al., [@B118]; Abellán and Medina, [@B1]; Moreno et al., [@B76]; Domínguez et al., [@B31]). Consequently, the evolutionary tendency of the disappearance of both developmental regulators in the SC begins at the origin of the tetrapod phylogeny. Furthermore, this progressive disappearance of Shh/Nkx2.1 expression in the alar hypothalamus/SC region has been related to the pallial expansion that takes place in amniotes (Bruce and Neary, [@B15]; Striedter, [@B111]), and the reduction of the alar hypothalamus in amniotes in contrast to anamniotes at the expense of the thalamic expansion (van den Akker et al., [@B118]; for review, see Medina, [@B67]).

![**Comparative aspects of the tuberal (Tub) territory between amphibians and reptiles**. Photomicrographs of transverse **(A--C,H--L)** and sagittal **(D,E,G,N)** sections through the developing Tub territory of *Xenopus* **(A--G)** and *Pseudemys* **(H--N)** illustrating its molecular profile based on the combinatorial expression of different transcription factors and neuropeptides indicated in each figure. The developmental stage in the cases of *Xenopus* is also marked. **(F)** and **(M)** are summarizing schemes of lateral views of the brains in which the main molecular features of the Tub region are illustrated according to the color code indicated. In both schemes, a transverse section through the level indicated on the lateral view of the brain is illustrated. Scale bars = 100 μm **(A--E,G,J--L,N)**, 200 μm **(H)**, 500 μm **(I)**.](fnana-09-00003-g0005){#F5}

![**Comparative aspects of the mammillary (M) territory between amphibians and reptiles**. Photomicrographs of transverse **(A--F,I,J,L,M,P)** and sagittal **(H,K,N,Q,Q')** sections through the developing tuberal territory of *Xenopus* **(A--I)** and *Pseudemys* **(J--Q')** illustrating its molecular profile based on the combinatorial expression of different transcription factors and neuropeptides indicated in each figure. The developmental stage in the cases of *Xenopus* is also marked. **(G)** and **(O)** are summarizing schemes of lateral views of the brains in which the main molecular features of the M region are illustrated according to the color code indicated. In both schemes, a transverse section through the level indicated on the lateral view of the brain is illustrated. Scale bars = Scale bars: 100 μm **(A--F,H,I,K',M)**, 200 μm **(L,N,P,Q,Q')**, 500 μm **(J,K)**.](fnana-09-00003-g0006){#F6}

![**Phylogenetic diagram representing the regionalization of the hypothalamus based on molecular criteria**. Representative species of different vertebrate groups are considered, including an agnathan fish (lamprey), a teleost fish (zebrafish), a dipnoi (lunghfish), an anuran amphibian (*Xenopus*), a reptile (turtle), a bird (chicken), and a mammal (mouse). In all species, the hypothalamus includes comparable molecular compartments, and each compartment shows a tendency to a common organization regarding its molecular expression profile. However, there are some remarkable differences in the expression patterns during evolution, such as the lack of Pax6 expression in the SPV of lamprey, lunghfish and *Xenopus*; the SC in mammals virtually does not express Shh/Nkx2.1 that are expressed in non mammalian amniotes and in anamniotes; Otp is expressed in the mammillary region of all vertebrates analyzed (no data in the lamprey are available). However, most differences in the scheme are due to the absence of data in the literature. The numbers 1--4 in the scheme represent the main evolutionary events regarding to the hypothalamic organization, as follows: (1) Nkx2.1 expression restriction in SC. (2) POH Nkx2.2 expression. (3) Pax6 expression in SPV for the first time. (4) Pallial and thalamic expansion at the expense of the alar hypothalamic reduction. Note that the developmental stages used in the scheme are not equivalent for all species.](fnana-09-00003-g0007){#F7}

In functional terms, the SC region is known to belong to the neuroendocrine system and therefore consists of multiple neuropeptide-secreting cell populations. In mammals and birds, the SC is characterized by the presence of TRH positive cells, among others, that have also been reported in anamniotes such as anurans and fishes (Domínguez et al., [@B30]), but that were not detected in reptiles (López et al., [@B60]). However, the SC region in amphibians and reptiles is characterized by the presence of catecholaminergic cell groups (González and Smeets, [@B41]; González et al., [@B42]) restricted to the rostral domain (Figures [4F,G,K,L](#F4){ref-type="fig"}; Morona and González, [@B81]; Moreno et al., [@B76]; Domínguez et al., [@B31]). This feature appears to be conserved throughout vertebrate evolution, being observed in amniotes and anamniotes (Hökfelt et al., [@B51]; González et al., [@B42]; Smeets and González, [@B107]; Moreno et al., [@B76]; Domínguez et al., [@B31]). In addition, the GABAergic expression has been analyzed in the SC of *Xenopus* showing that it is widely distributed along the entire Dlx expressing zone (Domínguez et al., [@B31]), suggesting that Dlx could be involved in the GABAergic specification, like in mammals (Price et al., [@B89]; Bulfone et al., [@B16]; Marín and Rubenstein, [@B63]).

Tuberal region (Tub) {#s2-4}
--------------------

This region is currently considered to extend in the dorsal part of the basal hypothalamus, and like the rest of the hypothalamus has been postulated that posses acroterminal, terminal, and peduncular portions (Figure [1](#F1){ref-type="fig"}; Puelles et al., [@B95]). The Tub is primarily characterized by the expression of Shh, which is directly involved in the organization of the basal hypothalamus through Nkx2.1 action (Kimura et al., [@B55]; Puelles et al., [@B94]), and thus Shh/Nkx2.1 expression has been observed in all the vertebrates analyzed (reviewed in Medina, [@B67]; Moreno and González, [@B78]). In amphibians and reptiles this territory is defined by the expression of Nkx2.1 and Isl1 (Figures [5A,B,F,H--J,M](#F5){ref-type="fig"}; Moreno et al., [@B77], [@B76]; Domínguez et al., [@B29]). Moreover, in *Xenopus* the Tub is also characterized by the ventricular expression of Shh, along with Nkx2.1 (Figures [5B,F](#F5){ref-type="fig"}; Domínguez et al., [@B27], [@B29]), suggesting that also in *Xenopus* Shh could be implicated in the hypothalamic organization by the action of Nkx2.1, as in amniotes (Kimura et al., [@B55]; Puelles et al., [@B94]; reviewed in Medina, [@B67]). Consistently, both in *Xenopus* and *Pseudemys* the transcription factor Otp is exclusively located in the rostral tuberal portion (RT), within the Isl1-positive basal territory (Figures [5C,F,K--M](#F5){ref-type="fig"}).

However, in mammals the dorsal portion of the rostral terminal Tub is the only Otp expressing zone (Morales-Delgado et al., [@B73]), and the transcription factor Isl1 is expressed in the ventromedial and arcuate nuclei, where it is involved in the hypothalamic development and the regulation of the reproductive behavior (Davis et al., [@B23]). Moreover, the intermediate terminal and peduncular Tubs of mammals are also characterized by the expression of Dlx genes, involved in the specification of the GABAergic cell fate (Yee et al., [@B121]). Importantly, the transcription factor Otp is expressed in the dorsal Tub of mouse and in clusters of cells that from the acroterminal domain give rise to part of the nucleus arcuatus (Puelles et al., [@B95]). Thus, the particular expression of Otp in a subdomain of the Tub appears as a conserved feature of the basal hypothalamus in amniotes and anamniotes equivalent to the region that gives rise to part of the arcuate nucleus in amniotes (Bardet et al., [@B9]; Puelles et al., [@B95]).

Distinctly, the caudal tuberal part (CT) of *Xenopus* and *Pseudemys* is characterized by the lack of Otp expression (Figures [5C,F,K--M](#F5){ref-type="fig"}) and, expression of Nkx2.2 (Figures [5C--F](#F5){ref-type="fig"}), a transcription factor typically located in basal territories and necessary to maintain the ventral phenotype (Briscoe and Ericson, [@B12]; Sander et al., [@B104]; Garcia-Lopez et al., [@B38]; Puelles et al., [@B94]). Moreover, in mammals, Nkx2.2 in this Tub has been detected in the ventromedial nucleus and the core portion of the dorsomedial peduncular hypothalamic nucleus, in the terminal and peduncular domains respectively (Puelles et al., [@B95]), where it is involved in the specification of the basal phenotype and the specification of the ventromedial fate (Kurrasch et al., [@B57]). Thus, it is possible that the Otp/Nkx2.1/Nkx2.2 expression in Xenopus likely resembles the mouse situation in which Otp is expressed in the dorsal domain of the terminal tuberal hypothalamus (likely including the acroterminal domain; Puelles et al., [@B95]; Morales-Delgado et al., [@B73]), whereas Nkx2.1 is found in the terminal and peduncular intermediate portion (TuI), which gives rise to the ventromedial and dorsomedial nuclei (Puelles et al., [@B95]), and likely corresponds to the region with Nkx2.2, Lhx1 and Dll4 expression found in our models, thus resembling the subdivision proposed (Figures [5D,F](#F5){ref-type="fig"}; Domínguez et al., [@B29]).

The boundary between the tuberal and mammillary territories in the basal hypothalamus of amphibians and reptiles is mainly defined by the lack of Isl1 expression in the mammillary region within the continuous Nkx2.1 positive tuberomammillar region (Figures [5F,G,M,N](#F5){ref-type="fig"}; Moreno et al., [@B76]; Domínguez et al., [@B29]). In addition, both regions can be distinguished by the differential expression of the transcription factor Otp, which is expressed in the mammillary region and not in the caudalmost tuberal domain (Figures [5C,F,L,M](#F5){ref-type="fig"}; Moreno et al., [@B76]; Domínguez et al., [@B29]). In *Pseudemys* a thin Nkx2.1 positive band (Moreno et al., [@B76]) can be detected between the Isl1 positive caudal tuberal zone and the Otp expressing mammillary region, defining specifically the tuberomammillary boundary (Moreno et al., [@B76]). In mammals, a thin ventral band expressing Dlx5/Nkx2.1/Arx+ but without Otp expression has been recently described in the ventral tuberal domain (Puelles et al., [@B95]; Morales-Delgado et al., [@B73]). This is associated with a longitudinal circumventricular organ and it is the source of histamine in the hypothalamic cells (Puelles et al., [@B95]).

Compared to tetrapods, there are only a few data about the hypothalamic organization in fishes, mainly attending to expression patterns and development. Recent studies in lunghfishes have revealed that Nkx2.1 and Isl1 are expressed in the entire Tub, whereas Otp expression is restricted to the most rostral and dorsal part, sustaining similar subdivisions in the tuberal territory to the ones described in tetrapods, using the same markers (Moreno and González, [@B78]). Data obtained in agnathans (lampreys) demonstrated that a substantial number of Dlx expressing cells occur in the tuberal hypothalamic nucleus and the tuberomammillary region, similar to anurans (Martínez-de-la-Torre et al., [@B66]).

The chemoarchitecture and neuronal specification processes in the Tub seem to be largely conserved throughout vertebrate evolution. In *Xenopus*, in the Otp-positive rostral Tub a population of somatostatin expressing cells has been observed (Figures [5E,F](#F5){ref-type="fig"}; Domínguez et al., [@B29]) suggesting the implication of Otp in the specification of this neurons in anurans, as has been previously reported in mammals (Acampora et al., [@B3]; Wang and Lufkin, [@B119]). In the mouse, the anterobasal nucleus, in the acroterminal domain defined by Puelles et al. ([@B95]), has been described to be the source of somatostatin cells to the ventromedial and arcuatus nucleus, where Otp would be specifically involved in the specification of these neurons (Morales-Delgado et al., [@B74]). The neuropeptide TRH, has been traditionally located in the dorsomedial nucleus (Hökfelt et al., [@B50]; Lechan et al., [@B58]; Tsuruo et al., [@B117]; Merchenthaler et al., [@B70]) and in the lateral hypothalamic area of mammals, where a recent study has proved its role in the arousal generation (Horjales-Araujo et al., [@B52]). However, a recent study has revealed that these tuberal TRH positive populations are likely generated in the SPV alar region (Morales-Delgado et al., [@B73]). The neuromodulator TRH has also been found in the periventricular hypothalamic nuclei of reptiles and in the Tub of anurans (Domínguez et al., [@B30]; López et al., [@B60]).

Finally, the anatomical position of the Dll4 expressing cell group located in the most caudal tuberal part of *Xenopus* is closely related to the GABAergic positive population (unpublished data), suggesting an implication of Dll4 in the specification of the GABAergic phenotype in the Tub, as occurs in the majority of the histogenetic domains where both markers colocalize (Price et al., [@B89]; Bulfone et al., [@B16]; Marín and Rubenstein, [@B63]). A distinct feature of the neurochemical profile of the Tub in birds is the presence of catecholaminergic populations originated under the control of Shh. Actually, in the chicken a dopaminergic positive population located in the Tub exists that is specified by Shh in a Six3-dependent manner (Ohyama et al., [@B86]). However, in anurans and reptiles there are not catecholaminergic cells in the Tub (Moreno et al., [@B76]; Domínguez et al., [@B29]).

Mammillary region (M) {#s2-5}
---------------------

In the current prosomeric model, the mammillary region is interpreted as formed by mammillary-terminal and retromammillary-peduncular regions (see Figure [1](#F1){ref-type="fig"}; Puelles et al., [@B95]). In addition, immediately dorsal to them, corresponding peri-mammillary and peri-retromammillary regions (RMas) were considered. The latter form in mouse a rostral (peri-) band, which has been described based on the Otp/Nkx2.1 expression and the lack of Dlx genes (Puelles et al., [@B95]).

In recent years, the regionalization of the this area has been under analysis and the terminology used for its various subdivisions and their actual extent in the basal hypothalamic region have progressively varied with the appearance of the molecular approach (Shimogori et al., [@B106]; Puelles et al., [@B95]). By means of the combinatorial expression of Shh and Nkx2.1, in *Xenopus* two different regions were identified, the mammillary area proper (Ma) that is Otp/Nkx2.1+/Shh-, and the RMa, where the expression patterns of Shh and Nkx2.1 are inverted, being Nkx2.1-/Shh+ (Figures [6A,G](#F6){ref-type="fig"}; Domínguez et al., [@B29]). In contrast to *Xenopus*, in the turtle the Nkx2.1 expression is continuous throughout the mammillary band, abutting directly the Pax7 + p3b (Figures [6J,P](#F6){ref-type="fig"}; Moreno et al., [@B76]). However, in the turtle, but not in *Xenopus* (Figures [6B,C](#F6){ref-type="fig"}), within the Nkx2.1 expressing region (Figure [6O](#F6){ref-type="fig"}) a portion that is Isl1-/Otp- (Figure [6K](#F6){ref-type="fig"}, asterisk in K') can be distinguished between the Isl1 + Tub and the Otp + and Nkx2.2 + Ma region (Figures [6K,L](#F6){ref-type="fig"}). It has been discussed (see above) that this region could correspond to the ventral tuberal portion proposed in mammals (Puelles et al., [@B95]). In addition, the Ma of both reptiles and amphibians shows scattered Pax7 + cells in the subventricular zone late in development that likely originate in the Pax7 expressing population of the adjacent basal plate of P3 (Figures [6D,G--I,O,Q,Q'](#F6){ref-type="fig"}; Moreno et al., [@B76]; Domínguez et al., [@B29]), coincident with the Otp expression observed in the mammillary region (defined by the lack of Isl1 and the expression of Nkx2.1 and Otp; Moreno et al., [@B76]; Domínguez et al., [@B29]). This suggests that the longitudinally organization proposed in mammals, and specifically the rostral mammillary band, could also be present in Xenopus and turtle. In this line, in our models Nkx2.2 cells have been observed in the Ma Otp + zone (Figure [5L](#F5){ref-type="fig"}) and similarly Dlx and GABA expressing cells (Domínguez et al., [@B29]), likely from the adjacent p3b. In this context, it could also be possible that in mammals some of the Nkx2.2 expressing cells along the alar--basal boundary could reach the periretromammilar region, where Otp is observed in contrast to the perimammillar portion where only Otp is found (see Figure 8.26D in Puelles et al., [@B95]).

The mammillary area is also characterized by the expression of genes of the LIM-HD family, whose combinatorial expression pattern led to propose a new regionalization of this territory in mammals (Shimogori et al., [@B106]). Thus, distinct nuclei were proposed including a supramammillary nucleus Irx5+, a premammillary nucleus expressing Lhx9/Lef1, a mammillary nucleus expressing Lhx1, and a tuberomammillary terminal zone positive for Lhx6, which is continuous with the diagonal band that separates the alar and basal hypothalamic regions (Shimogori et al., [@B106]). Comparatively, in *Xenopus* Lhx7 is expressed in the alar hypothalamus and continues ventrally into the mammillary territory (Moreno et al., [@B75]; Domínguez et al., [@B31]), and this led to propose the existence of a comparable tuberomammillary terminal zone in anurans (Domínguez et al., [@B29]). The expression of Lhx1 in the mammillary portion of the Xenopus hypothalamus was defined based on the lack of Isl1 in this portion and the Otp expression (Figure [5D](#F5){ref-type="fig"}; Domínguez et al., [@B29]). In addition, Lhx1 is also expressed in the mammillary portion of mouse hypothalamus (Bachy et al., [@B5]; Shimogori et al., [@B106]). Of note, in their hypothalamic analysis the group of Shimogori et al. ([@B106]) used the Lhx1 expression to define the MM region (mammillary). However, in the current prosomeric interpretation (Puelles et al., [@B95]) the expression of Lhx6 is interpreted in the ventral portion of the tuberal hypothalamus (see Figure 8.9 in Puelles et al., [@B95]). Independently of its exact anatomical localization, its position in our models suggests, along with the Nkx2.2 and Pax7 expressing cells described before (Figures [5H,L,Q](#F5){ref-type="fig"}), a comparable longitudinal hypothalamic band that could be comparable to the rostral perimammillar and periretromammilar band (Puelles et al., [@B95]).

Several studies in fishes have also reported the differential expression of LIM genes, such as Lhx6 and Lhx1/5, in the basal hypothalamic territory (Osorio et al., [@B87]; Menuet et al., [@B69]). Moreover, a recent study has analyzed the mammillary organization proposed by Shimogori et al. ([@B106]) in zebrafish, finding different domains based on the differential expression of Lef1, Lhx6, Irx5 and Foxb1 (Wolf and Ryu, [@B120]). Thus, the presence of Otp in the Nkx2.1 positive region of the mammillary band was reported to be playing a crucial role in the establishment of different mammillary domains and is involved in the specification of posterior hypothalamic neurons regulating the expression of Fezf2 and Foxb1.2 in the putative mammillary region (Wolf and Ryu, [@B120]).

The lack of Shh expression in RMa has also been reported in the chicken, where the Shh becomes downregulated in the tuberomammillary primordium, but not in the RMa, at a specific point during development (Martí et al., [@B65]; Shimamura et al., [@B105]; Crossley et al., [@B21]; Patten et al., [@B88]; Manning et al., [@B62]), what seems to confer the hypothalamic fate to these cells (Manning et al., [@B62]). In the mammillary territory of mammals and birds, two rostro-caudal portions have been described on the basis of the differential expression of Nkx2.1 and Shh. Thus, there is a Nkx2.1+/Shh-region that is also positive for Otp (Bardet et al., [@B9]; Morales-Delgado et al., [@B74]), and a Nkx2.1-/Shh+ RMa region (García-Calero et al., [@B36]; Morales-Delgado et al., [@B74]). Attending to the Shh/Nkx2.1 expression pattern in the mammillary territory, it represents an exception within the prosencephalon, being the only forebrain area where Shh and Nkx2.1 are not expressed in parallel because Shh expression becomes secondarily downregulated at some point in the development (Shimamura et al., [@B105]; Crossley et al., [@B21]; Manning et al., [@B62]).

Thus, regarding the situation in fishes, some studies have described the presence of Shh in the basal hypothalamus, although so far there are no data about the specific location of Shh expression within this basal hypothalamic territory. It has been reported the presence of two hedgehog genes, expressed in a Sonic Hh-like pattern, in the basal hypothalamus of lamprey (Osorio et al., [@B87]; Kano et al., [@B53]). In addition, expression of Shh has been reported in the basal hypothalamus of cavefish and zebrafish (Menuet et al., [@B69]; Wolf and Ryu, [@B120]), where its expression seems to be limited in the tuberal territory, although no specific distinction of tuberal and mammillary regions was described.

In terms of chemical specification, the amphibian and reptilian mammillary region is characterized by the presence of a rich catecholaminergic cell population (Smeets et al., [@B108]; Smeets and González, [@B107]; Moreno et al., [@B76]; Domínguez et al., [@B29]) that co-expresses Nkx2.1 (Figures [6E,G,M,O](#F6){ref-type="fig"}) and Otp (Figures [6F,G,N,O](#F6){ref-type="fig"}), in line with previous studies in other vertebrates and suggesting a conserved role of both transcription factors in the specification of the dopaminergic phenotype during the anamnio-amniotic transition (Kawano et al., [@B54]; Del Giacco et al., [@B25]; Blechman et al., [@B10]; Ryu et al., [@B102]; Löhr et al., [@B59]).

Regarding the nuclear specification, controversy exists regarding the origin of the different neuronal groups and several data support the contribution of diencephalic areas to the mammillary territory. In mammals, the retromammillary area was considered a caudoventral hypothalamic specification located between the diencephalic tegmentum (in P3; see for review Puelles et al., [@B95]), giving rise to the subthalamic nucleus. In birds, recent fate map studies have described that the basal plate of P3 generates the retromammillary tegmentum and the subthalamic nucleus (Garcia-Lopez et al., [@B37]). In reptiles and anurans, Pax7 expressing cells likely originated in P3 colonize the mammillary region (Moreno et al., [@B76]; Bandín et al., [@B6]; Domínguez et al., [@B29]), suggesting a diencephalic contribution to the formation of the hypothalamic mammillary territory. Moreover, the subthalamic nucleus in mammals was identified by the expression of Pax7 (Stoykova and Gruss, [@B110]; see mouse developmental Allen Brain Atlas), thus the Pax7 positive cells found dispersed in the mammilary territory in *Xenopus* could suggest the existence of a forerunner of the subthalamic nucleus in anurans (Domínguez et al., [@B29]).

Concluding remarks {#s3}
==================

The organization of the brain undergoes evolutionary/adaptative changes during the anamnio-amniotic transition. The evolutionary leap from amphibians to reptiles involves relevant adaptation changes to conquer a new environment that have clear consequences on brain organization. However, it seems that during the transition from aquatic to terrestrial life the hypothalamus has maintained a major general pattern of organization, but with subtle differences that could be related to the new requirements for adaptation to the new environment. These variations in hypothalamic organization/regionalization highlighted in the present comparative genoarchitectonic analysis appear to have occurred gradually during the anamnio-amniotic transition starting with amphibians, which are the first tetrapods that arose, being anamniotes (Table [1](#T1){ref-type="table"}; Figure [7](#F7){ref-type="fig"}). Considering the data gathered on the organization of the hypothalamus, it seems that there is a mostly common general pattern shared by all vertebrates that includes the following main features: (1) it belongs to the secondary prosencephalon and is topologically rostral to the diencephalon; and (2) it is formed by alar and basal regions that show genoarchitectonic patterns during development that are generally conserved across vertebrates, especially in the basal territories.

In the evolutionary context (Table [1](#T1){ref-type="table"}; Figure [7](#F7){ref-type="fig"}), our results in amphibians and reptiles add information to the known features of the hypothalamic organization in birds and mammals and point out to some main features shared by all tetrapods: (1) each alar (SPV, SC) and basal (Tub, M) territory is also subdivided rostrocaudally into two different domains based on molecular criteria; (2) the expression of Nkx2.1 that characterizes the entire SC region in fishes starts to be restricted in amphibians and is gradually reduced through mammals where the SC virtually lacks expression of this transcription factor, what could be related to the gradual pallial and thalamic expansion that take place in the amniotes. In addition, there are some features in the organization of the hypothalamus that seem to have emerged with the amniotes (see Figure [7](#F7){ref-type="fig"}): (1) the existence of the preoptohypothalamic boundary observed in amniotes starts in reptiles; (2) also in reptiles, as in birds and mammals, Pax6 is expressed in the SPV, whereas such expression is not observed in anamniotes. These facts highlight the relevance of the studies involving species of amphibians and reptiles for elaborating a complete evolutionary story of the hypothalamus.

Comparative studies of the hypothalamus across vertebrates encompass many difficulties because the different degree of topographical modification of its parts, due to diverse forces during development that lead to the final different anatomy in each group (Figures [7](#F7){ref-type="fig"}, [8](#F8){ref-type="fig"}). The forces involved in the hypothalamic final conformation might be of different nature. If we consider the situation in mammals, in a "non-disturbed" neural tube at the level of the prosencephalon (Figure [8A](#F8){ref-type="fig"}) the alar hypothalamus is in the most rostral portion along with the telencephalic prospective territories, which will give rise to the telencephalic vesicles and the telencephalon impar during development. The neural tube suffers a second morphological strength given the flexure of the neural tube, which is maximum at the level of the diencephalic basal plate, thus at the boundary with the hypothalamic basal region. In addition, those rostral regions of the brain are under the direct morphological strength that produces the evagination of the telencephalic vesicles. Specially in mammals, the pallium is enormously expanded dramatically increasing in size and literally pushing the adjacent regions, like the alar hypothalamus. Therefore, in mammals due to the drastic expansion of the pallium, together with the strong flexure of the brain that bends the longitudinal axis almost 90°, the hypothalamus acquires a "ventral" position (Figure [8B](#F8){ref-type="fig"}). In the case of non-mammalian vertebrates, and specially in anamniotes, these developmental changes due to morphological pressures are, in general, less significant (Figure [8C](#F8){ref-type="fig"}). Telencephalic development is less massive and the cephalic flexure less pronounced, varying in the different vertebrates. However, in spite of the different topography of the hypothalamus, studies such as ours reveal that comparable subdivisions are contained in the hypothalamus of each group. Therefore, the main final conclusion of the comparative analysis of the region of the hypothalamus in vertebrates is probably the high degree of conservation of this region in evolution, as expected given its functional importance in the animal survival. Developmental forces during the ontogeny of each vertebrate group would be responsible for the different topographical arrangement of the hypothalamic regions, which otherwise are similarly specified by gene expression patterns throughout vertebrates.

![**Schematic comparison of the different forces during ontogeny that lead to the different hypothalamic anatomy**. In this hypothetic scheme the situation between mammals and non-mammals (mainly based on our results in the development of the amphibian hypothalamus) are represented. Three main forces are supposed to act in a sequential manner and differently in each vertebrate group. The first force (1) to act is the flexure of the neural tube **(A)**. In mammals, the longitunal axis bends almost 90° forming a sharp flexure and the rostral tube is moved to a "ventral" position **(B)**, whereas in non-mammals this angle seems to be less pronounced **(C)**. Then, a second morphological force acts over this longitudinal axis that is already partially bent, which is produced by the telencephalic evagination (2). In the case of mammals this second force acts equally on the caudal (hp1) and rostral (hp2) hypothalamic domains, so its main effect would be the flattening of the hypothalamic territory. However, in the case of non-mammals, the strength caused by the telencephalic evagination would be mainly pushing the rostral (hp2) hypothalamic domain, which helps to turn more "ventrally" the hypothalamus. Finally, a third force is the hypothalamic evagination (3). In mammals this third strength is contributing to the elongation of the hypothalamic territory and, in the case of non-mammals this force is also contributing to pronounced hypothalamic modification.](fnana-09-00003-g0008){#F8}
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BH

:   basal hypothalamus

CeA

:   central amygdala

CPa

:   central portion of the paraventricular area

CT

:   caudal tuberal region

Dg

:   diagonal domain

DPa

:   dorsal portion of the paraventricular area

EPTh

:   prethalamic eminence

hp1

:   hypothalamic prosomeric domain 1

hp2

:   hypothalamic prosomeric domain 2

Hyp

:   hypophysis

M

:   mammillary region

Ma

:   mammillary area proper

MeA

:   medial amygdala

oc

:   optic chiasm

P1

:   prosomere 1

P2

:   prosomere 2

P3

:   prosomere 3

P3b

:   basal plate of P3

Pa

:   paraventricular nucleus

Pal

:   pallidum

PM

:   perimammillary area

PO

:   preoptic region

POC

:   preoptocommissural area

POH

:   preoptohypothalamic boundary

PPa

:   peduncular domain of Pa

PSPa

:   peduncular domain of SPa

PT

:   pretectum

PTh

:   prethalamus

PR

:   perimammillary area

PRM

:   periretromammillary area

RM

:   retromammillary area

RMa

:   retromammillary region

RT

:   rostral tuberal region

RTu

:   retrotuberal region (peduncular)

RtuD

:   retrotuberal dorsal domain

RTul

:   retrotuberal lateral domain

RTuV

:   retrotuberal ventral domain

SC

:   suprachiasmatic region

SCc

:   caudal suprachiasmatic region

SCr

:   rostral suprachiasmatic region

Spa

:   subparaventricular area

SP

:   subpallium

SPV

:   supraoptoparaventricular region

SPVc

:   caudal supraoptoparaventricular region

SPVr

:   rostral supraoptoparaventricular region

Str

:   striatum

VPa

:   ventral portion of the paraventricular area

Th

:   thalamus

TPa

:   terminal domain of Pa

TPaC

:   central portion of TPa

TPaD

:   dorsal portion of TPa

TPaV

:   ventral portion of TPa

TSPa

:   terminal domain of SPa

Tu

:   tuberal region (terminal)

TuD

:   dorsal tuberal domain

Tul

:   lateral tuberal domain

TuV

:   ventral tuberal domain

Tub

:   tuberal region.
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